OBJECTIVES: During unilateral selective cerebral perfusion (uSCP), with right axillary artery or brachiocephalic trunk cannulation, the brain receives blood only via the right common carotid artery and right vertebral artery (VA). The left hemisphere is perfused mainly through the circle of Willis (CW). However, at least 50% of individuals have some variation in the CW. The aim of the present work was to study the variations in CW and VA that could have an impact on haemodynamics during uSCP.
INTRODUCTION
Neurological injuries, stroke and paraplegia are the most devastating complications of aortic surgery [1, 2] . For this reason, cerebral protection is a key issue [1] [2] [3] . Its major goal is to guarantee the optimal ratio between the blood supply and the metabolic demands of the brain [1] [2] [3] . There are three methods of cerebral protection that are in clinical use: selective cerebral perfusion (SCP), introduced by DeBakey et al. [4] , deep hypothermic circulatory arrest, introduced by Griepp et al. [5] and retrograde cerebral perfusion, introduced by Ueda et al. [6] . Each of these methods suffers from limitations, some of which could be termed 'major' [1, 2] .
While deep hypothermic circulatory arrest is still a gold standard for cerebral protection, the question of its safe duration still remains open [1, 2, 7] . It is well known that metabolic activity decreases with temperature by 7% per 1°C. Nevertheless, many works have shown that at 20°C cerebral activity is still around 25% [2, 7] . In this respect, arrest durations up to 20 min are considered safe, under these circumstances [2, 7] . This period, however, is too short for some complex arch reconstructions. The major problems with retrograde cerebral perfusion are cerebral oedema and whether the brain is really perfused with oxygenated blood or it is shunted [1] . On first sight, SCP offers unlimited duration, with physiological blood flow to the brain [1, 2, 7] . However, one of the major questions is how much epiaortic vessels must be perfused in order to ensure adequate cerebral perfusion. Several modifications are used in surgical practice [1] [2] [3] [8] [9] [10] . SCP could be performed as unilateral, with cannulation of right axillary artery or brachiocephalic trunk, or bilateral, with additional cannulation of left common carotid artery [2, 7, 9] . Some centres add a third cannula in the left subclavian artery [3] , while other centres perform cerebral perfusion only via the common carotid artery [10] .
Our current interest is directed towards unilateral SCP (uSCP). Looking anatomically, during uSCP, with cannulation of the right axillary artery or brachiocephalic trunk, the brain receives blood only via the right common carotid artery and right vertebral artery (VA). The assumption of the protective effect of uSCP is based on the understanding that collateral circulation, mainly through the arterial circle of Willis (CW), is sufficient to maintain adequate perfusion of the contralateral (left) hemisphere (Fig. 1) . According to the literary data, some variations of the circle exist in at least 50% of the people [9, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Furthermore, it was shown that these variations usually affect more than one segment of the circle [9, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Unfortunately, most studies of the Willis' circle examine its segments separately, but not the circle as a whole [21, 22] . The number of works, examining the entire circle is low and the results are contradictory [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In this respect, the aim of present work was to study the variations in the CW and vertebral arteries that could have an impact on haemodynamics during uSCP. This study was approved by the Ethical Committee for Scientific Studies, Medical University, Sofia.
MATERIALS AND METHODS
A total number of 500 circles of Willis were collected. The average age of the subjects was 60 years (between 18 and 91). Two-hundred and one were female, while 299 were male. Circles were collected as follows:
From May 2005 to March 2012, a total number of 286 circles were examined prospectively in the Department of Forensic Medicine of Medical University, Sofia. All circles were obtained from cadavers via routine dissection. All subjects had died natural or violent deaths and were candidates for autopsy for medicolegal reasons. In the course of the study, 36 circles were excluded because their morphology was distorted by decay, cranial trauma, cerebral haemorrhage, cerebral neoplasm, aneurysm or headshot. All other 250 circles were included. The circles were carefully dissected and the external diameters of the following vessels were measured with a calliper-gauge: internal carotid artery, precommunicating (A1) segment of anterior cerebral artery, middle cerebral artery, precommunicating (P1) segment of posterior cerebral artery, AComA, PComA and intracranial segment of both vertebral arteries (Fig. 1A) . All data were collected in a database. A digital photo of each circle was taken for further analysis.
From January 2008 to March 2012, a total number of 272 consecutive patients underwent computed tomography (CT)-angio of the CW in the Section of Diagnostic Imaging, 'St Ekaterina' University Hospital, Sofia. In the course of enrolment, 22 circles were excluded, because their morphology was affected by aneurysm, cerebral haemorrhage, cerebral neoplasm or arteriovenous malformation. All other 250 circles were included. In 145 patients, the examination was done on 320 detector Toshiba Aquilion one ® (Toshiba, Japan), while in others, it was done on 105 GE Light Speed ® 16-slice CT (General Electric, USA). All examinations were performed in the arterial phase, after IV administration of 60 ml iodine-based contrast medium (Iomeron ® 400 mg/ml; Patheon Italia S.p.A; Italy) with an injection speed of 4 ml/s. The slice thickness was either 0.5 or 1.25 mm, respectively. The results were analysed by two different experienced radiologists (V.S. and V.G.) who divided the circles into variant and normal. All circles classified as variant were then examined by one of the authors (V.P.) and finally classified.
In both groups, a vessel diameter of 1 mm was used as the threshold for hypoplasia [9] . The threshold of 1 mm was chosen in order to be consistent with other major morphological studies of the CW reported in the literature [9, [12] [13] [14] [15] [18] [19] [20] .
Explanation marks were added to all pictures, using Adobe Photoshop CS 3.0 (Adobe, USA).
RESULTS
Four segments of CW, namely right A1, AComA, left PComA and left P1 and right VA were defined as critical during uSCP (Fig. 1C) , considering the specificity of haemodynamics during uSCP (Fig. 1B) and the Poiseuille/Hagen law:
where R is resistance, L is length of the pipe (vessel), η is viscosity of the fluid (blood) and r is the radius of the pipe (vessel). Thus, nine distinct circle configurations, which could cause hypoperfusion during uSCP, were identified. They were subdivided into seven types, according to the number of major vessels at risk of hypoperfusion during uSCP ( 
DISCUSSION
Our results reported here require profound discussion. The first major question is: are the data obtained with two different scanners compatible? In our work in press (Papancthev et al., in preparation), we compared 105 Willis' circles, examined with GE Light Speed ® (General Electric) and 105 Willis' circles, examined with Toshiba Aquilion one ® (Toshiba) with no difference in demographic data between the groups (Table 2) . We discovered that there is no statistically significant difference either between the overall frequency of the circle's variations, or between the frequency of each of the seven circle types (Table 2) . We, however, observed a statistically significant difference in the frequency of hypoplastic and aplastic vessels, but this does not affect our classification of Willis' circle variations ( Table 2 ). The second major question is: are the data obtained with CT angio (examining internal vessel diameter) and autopsy (examining external vessel diameter) compatible? In our work in press (Papancthev et al., in preparation), we compared 120 Willis' circles examined with CT angio and 120 Willis' circles examined with routine dissection, with no difference in demographic data between the groups (Table 3) . We discovered that there is no statistically significant difference either between the overall frequency of the circle's variations, or between the frequency of each of the seven circle types (Table 3) . Results from these two works showed that the data obtained with modern scanners and autopsy are compatible and could be collected in a single database.
It is well known that the CW is a highly variable structure. A PubMed search performed in September 2012, with keywords 'Willis Circle', revealed over 2500 publications. Most of the works, however, studied the variations of each segment of the circle separately [21, 22] . According to the best of our knowledge, only 13 publications studied the variations of the CW as a whole-Riggs and Rupp [11] [20] classify the variations without paying attention to their lateralization. These authors consider it irrelevant whether the variation is on the right or the left side of the circle [10-15, 19, 20] . Since the haemodynamics during uSCP is unique, the left-right lateralization is of crucial importance [9] .
Secondly, in nine of the studies, namely Riggs and Rupp [11] , Fisher [12] , Lazorthes et al. [13] , El Khamlichi et al. [14] , Eftekhar et al. [15] , De Silva et al. [19] , Ansari et al. [20] , Merkkola et al. [8] and Urbanski et al. [10] there are no data concerning variations of vertebral arteries. This fact is not a surprise, since vertebral arteries are not a part of the Willis' circle 'per se', but variations in those arteries could have a crucial importance during uSCP [9] .
Thirdly, De Silva et al. [19] used 10% formaldehyde-fixed brains, while most of other major studies examined unfixed specimens. Because of their low molecular weight, all formaldehyde solutions are hypertonic and thus 9, 6 and even 3% formaldehyde solutions cause dehydration and consecutive tissue shrinkage [23] . In this respect, the results reported by De Silva et al. could not be compared with other morphological studies, which used unfixed specimens.
Fourthly, the study of Dadmehr et al. [17] [11] and Urbanski et al. [10] do not give any size for defining the hypoplastic artery.
Nevertheless, two of these works require further discussion [8, 10] .
The work of Merkkola et al. [8] is one of the major works on variations in the Willis circle and their role during SCP. The authors study the variations in the circle, using a permanent silicon cast with added plumb oxide [8] . Authors also used a perplex X-ray-based method for the visualization of cerebral arteries [8] . They classified the vessels according to particular threshold diameter, which is either 0.5 or 1 mm. We could not compare our current results with this work for several reasons: First, the authors used silicon casts and it is not clear whether the results obtained with casts are similar to those obtained with other investigation modalities. Secondly, silicone casting has its own possible artefacts, the most important of which is that very small vessels could not be visualized, because of the possible lack of silicone mixture in them. In this respect, we must stress that there was a very high percent of aplastic vessels reported by authors-50 of all 51 variant circles had 'missing' vessels [8] . On the contrary, in our current series, aplastic vessels were observed in only 33.45% (98 of all 293 circles with variations). Thirdly, the perplex roentgenograms-based method for the visualization of the circle after casting, called 'angiography' is incomparable with any other studies. Fourthly, the sample of Merkkola et al. is only 87 circles, which is perhaps the reason why some very rare variations were not present. Last, but not least-the authors give their attention only to two segments of the circle-left PComA and AComA. No information is available for other segments of the circle, important during uSCP, namely right A1, left P1 and right VA. Nevertheless, we were able to reclassify the variations described by Merkkola et al., according to our classification (Table 4) .
Another work that requires particular attention is that of Urbanski et al. [10] . The authors study 99 patients in the period 2004-06 in whom aortic surgery was performed with SCP via common carotid artery cannulation. All patients regained consciousness. Focal neurological deficit was found in 1% of patients, while temporary neurological dysfunctions were observed in 7% (7 patients, 5 of which with normal circle). In general, the authors deny the role of the Willis circle as a collateral pathway during uSCP [10] .
We can neither compare our results with this work, nor reclassify the variations reported for several reasons. Information about the diameter at which the vessels were classified as 'hypoplastic' is absent. No information on vertebral arteries, the type of CT scanner or on section thickness is given. The classification proposed by authors is without any lateralization of variations.
The good results that were reported (8% neurological complications) could have several explanations. It is obvious that the authors have a perfect surgical technique. This, in combination with the major procedure performed (in 74 patients it was Ascending Aorta Replacement with open distal), explained the very short duration of SCP-average 18 ± 10 min with only 41 patients requiring SCP over 20 min. The authors used Thiopenthal and obtained 0-line or burst suppression at electroencephalogram, both signs of optimal reduction of oxygen consumption. The moderate hypothermia 29.8 ± 1.9°C and aortic graft with side branches also must be mentioned. In this respect, the good results are more likely due to the excellent surgical technique, optimal pharmacological cerebral protection and hypothermia rather than SCP itself. Furthermore, the patient population consists mainly of patients with degenerative or atherosclerotic aneurysms. Since atherosclerosis is a generalized disease, we could speculate that in this particular patients cohort, there is a possibility for pathological expansion of secondary collaterals (leptomeningeal, ophthalmic artery, etc.), which could also explain the good results. We can also speculate, by looking at the period during which the investigation was performed , that the CT scanner used is an oldergeneration one with low spatial resolution, and thus vessels with a diameter over 1 mm were most probably misclassified as aplastic or hypoplastic. For all the mentioned reasons, this work could not be used as a landmark for denying the role of the variations of the CW. Furthermore, in the light of all the data reported here, we think that proclaiming the (left) carotid artery perfusion as an alternative to right axillary artery or brachiocephalic trunk perfusion has neither an anatomical, nor physiological background.
We can compare our current results with our previous three publications [9, 16, 18] and partially with Merkkola et al. [8] . Looking chronologically, our first study was theoretical and was done using illustrations, so its results must be interpreted with caution [16] . The second study uses autopsy material [9] , the third is available only as an abstract and reports briefly the results from 105 patients examined with CT angio [18] . Our current data and the four mentioned studies are in good agreement on some points and seriously discrepant in others (Table 4) . In all studies, the most frequent variation is Type 1A, which is not a surprise, because PComA is the most variable part of the circle [24] . The frequency of Type IA in the current study was 35.6%, which is 10% higher than the frequency reported in 2006 [16] and 2007 [9] and 5% lower than the frequency reported in 2011 [18] . This frequency is similar to the one reported by Merkkola et al. [8] regardless of threshold diameter (Table 4 ). In the work of Merkkola et al. [8] , circle Type IB was found in 9% of all circles, if the threshold was 0.5 and in 16%, if the threshold was 1 mm. In our experience, circle Type IB is a rare variation and is observed with a frequency of 2% (Table 4) . A possible explanation of this discrepancy could be simply an example of a casting-induced artefact. Literary data also support our current findings. Thus, Ansari et al. [20] find aplastic AComA in 1% of examined circles, Alpers et al. report the incidence of aplasia of AComA in 2% and hypoplasia in 3% of examined brains [9] , Fawcett and Blachford report aplasia of AComA in 0.14% of examined circles [21] , Windle find aplastic AComA in 1.5% of studied cases [22] and finally, Adachi do not find any aplastic AComA [9] . The same is true for circle Type IIA (Table 4 ). All other circle types were found with similar frequency (Table 4 ). The overall frequency of variations in the current study is 58.6%, which is similar to the 59% frequency reported by Merkkola et al. [8] for a threshold of 0.5 mm, and it is even lower compared with the 65% frequency reported by the same team for a diameter of 1 mm (Table 4) . It is worth to mentioning that the overall frequency reported in this study is 8% lower than that reported by us in 2011 (Table 4) . This difference has an explanation-the vast majority of the patients included in the 2011 study had a neurological deficiency [18] . Similar results were reported also by Riggs and Rupp [11] who studied the Willis' circles in 994 patients with previous history of neurological dysfunction and found abnormal circles in 79% of them. And finally in our work in press (Papancthev et al., in preparation), we found that among 131 patients with variant circles, 63.33% had a history of neurological dysfunction (P < 0.001).
An important question is, how do we have such high percentage of circle variations without a corresponding increase in the percentage of neuronal injury? There are several possible explanations. The first is how we define 'neuronal injury'. Often, only gross injuries, like focal neurological deficit, plegia, choreoathetosis, coma and death, are classified as neuronal injuries. Other clinical manifestations like delirium, cognitive deficiency, mental problems, personality changes, small vision-field defects, are overlooked and do not classify as neurological injuries [2, 9, 25] . A second possible explanation is that a lot of patients requiring arch surgery are operated on an emergency basis, when profound preoperative neurological examination is either impossible or not appropriate, so some neurological injuries could be termed 'pre-existing'. In the third place, since the infarction zone of watershed infarctions caused by hypoperfusion is usually not specific and their clinical manifestation is quite variable (from dense plegia to lack of any symptoms), many cerebral infarctions without clinical manifestation are overlooked [9, 24] . A short summary of the possible ischaemia-induced clinical signs and symptoms is given in our previous work [9] .
Many authors have shown the role of intraoperative monitoring of regional cerebral oxygenation with near-infrared spectroscopy (NIRS). It allows fast and non-invasive on-line neuromonitoring of brain perfusion and the early detection of malperfusion [25] . It was shown that a decrease of cerebral oxygen saturation below 55% for more than 5 min and/or total oxygen index below 15-20% of baseline results in neuronal injury. In their work, Harrer et al. [25] used NIRS in 13 patients subject to bilateral SCP. According to their protocol, in all patients SCP was started as unilateral and switched to bilateral with the second cannula inserted in the left common carotid artery after the arch was opened. In 12 of 13 patients (92%), the authors observed a drop of cerebral oxygen saturation of the left hemisphere to 44 ± 7.9% after 2 min of uSCP. Decreases in the total oxygen index of 15% in 11 patients and 20% in one were also observed. After a switch to bilateral SCP, a statistically significant increase in cerebral oxygen saturation of the left hemisphere to 63 ± 5% was noted [25] . We can speculate that in the series of Harrer et al., the drop in the cerebral oxygen saturation and total oxygen index during the period of uSCP was the result of hypoperfusion of the left hemisphere, because some of the variations in the CW reported here were present. Since most circle variations, important during uSCP, have no role during bilateral SCP, switching to bilateral SCP led to restoration of perfusion in the left hemisphere.
Another important question is whether the classification proposed by us is a complicated one. We believe that this classification is straightforward and simple. It is based on the number of vessel basins at risk of hypoperfusion during uSCP-one in Type I circles, two in Type II, etc. (Table 1) . It divides a large number of complex variations into only seven types, which is a very low number compared with other classifications. For example, the classification of Lazorthes et al. [13] , which is widely used, divides the variations of the circle into 23 types, without including the vertebral arteries. Merkkola et al. [8] divided the variations of the circle into four groups, but they used only two segments of the circle, without including the vertebral arteries, and the proposed groups are descriptive and perplex-hypoplasia and aplasia of the same segment are considered different and classified into different groups (Table 4 ). The classification proposed by Urbanski et al. [10] is quite bewildering. It does not include the vertebral arteries and divides the variations of the circle into only three groups, without any lateralization. For example, all circles with one hypo/aplastic segment, no matter of its localization, were united in one group. If we apply this classification to our results, it means that circles Type IA, Type IB, Type IIB and Type IIIA are identical (Figs. 2-4) . We think that this classification is too mechanistic and does not pay enough attention to haemodynamics during uSCP.
The present study has the following limitations: the diameter of the 'hypoplastic' vessels may increase with time and exceed 1 mm. Since autopsy specimens were not controlled with angiography, we could never be sure that measured diameters were similar with those in living subjects. Some vessels with borderline diameter could be misclassified, using CT angio. Finally, not all subjects that were examined were candidates for aortic arch surgery. This last limitation is related to the fact that in some patients with arch aneurysms there is a possibility for the expansion of secondary collaterals, because of concomitant stenoses/ occlusions of segments of the CW, carotid and/or vertebral arteries. Since the aim of our present work was to study systemically the variations of the Willis' circle, only hypo/aplastic vessels were classified. No specific attention was directed to vessels with stenosis or occlusion, notwithstanding, such were also observed during the study (Fig. 2A) . We believe that additional studies uniting both vessels variations and vessels stenoses are required in order to clarify the role of secondary collaterals during uSCP. The present work cannot provide any sound data on this issue.
In a conclusion, we can say that cerebral protection is a complicated inter-disciplinary problem. This entails combining the efforts of specialists from different areas: cardiac surgeons, anaesthesiologist, roentgenologists, morphologists, neurologists, neurosurgeons, etc. Awareness of the variations in the cerebral vessels is a requisite for the choice of the most appropriate method for cerebral protection. In the present work, we report seven distinct types of variations in the Willis' circle which, if present, could vitiate the protective effect of the uSCP and even cause stroke. These variations are present in a significant number of patients (58.6%). The presence of such variations could explain the unfavourable postoperative psychical, sensor and/or motor outcome after uSCP that occurs in some patients. This study supports the need for extensive preoperative examination (including CT angio, particularly in patients with preoperative neurological symptoms) and meticulous intraoperative monitoring of cerebral perfusion during uSCP (NIRS, etc). Finally, our data support the superiority of bilateral SCP over uSCP, because most of variations showed in the present work do not have haemodynamic significance during bilateral SCP.
